By means of magnetization, specific heat and muon-spin relaxation measurements, we investigate highpressure oxidized Cu0.75Mo0.25Sr2YCu2O7.54, in which overdoping is achieved up to p ∼ 0.45 hole/Cu, well beyond the Tc −p superconducting dome of cuprates, where Fermi liquid behavior is expected. Surprisingly, we find bulk superconductivity with Tc=84 K and superfluid density similar to those of optimally doped Y123. On the other hand, specific heat data display a large electronic contribution at low temperature, comparable to that of nonsuperconducting overdoped La214. These results point at an unusual high-Tc phase with a large fraction of unpaired holes. Further experiments may assess the Fermi liquid properties of the present phase, which would put into question the paradigm that the high Tc of cuprates originates from a non-Fermi liquid ground state.
It is widely accepted that the familiar dome-like dependence of the superconducting critical temperature, T c , upon doped hole concentration, p, in the CuO 2 plane observed in most cuprates 1, 2 reflects a connection between superconductivity and antiferromagnetism. T c vanishes for p 0.08 hole/Cu, as the density of mobile holes and hence the superfluid density 3 approaches zero. T c vanishes again upon overdoping for p's larger than a critical value, p c ≈ 0.27 hole/Cu, where the strength of the antiferromagnetic correlations also vanishes 4 . A further notion, which is generally assumed to be valid is that the overdoped materials with p > p c behave more or less as conventional metals described by Fermi liquid theory. In fact, this second assumption is not supported by much empirical data and it may not be correct for the first (s = 1) member of the homologous seeries of cuprates Cu 1−x Mo x Sr 2 (Y,Ce) s Cu 2 O 5+2s+δ , originally synthesized by Ono 5 and then synthesized and characterized together with the higher members of the series up to s = 6 by other groups [6] [7] [8] [9] [10] [11] , 12 . The high T c 's up to 87 K observed in the s = 1 member in the strongly overdoped region well beyond the dome put into question the paradigm that the high T c of cuprates originates from a non-Fermi liquid ground state 13 .
In order to address this issue, in the present paper we report a systematic investigation by means of neutron diffraction, magnetization, susceptibility, heat capacity and muon-spin relaxation spectroscopy (µSR) on newly synthesized powders of the first (s=1) member, Cu 1−x Mo x Sr 2 YCu 2 O 7+δ ,with x=0.25. The structure of this phase, commonly known as (Cu,Mo)1212, is closely related to the well known chain coumpound yttrium barium copper oxide (Y123) with the following differences (see 9 , the inset of Fig. 3 and the Supplementary Information): 1) the Ba cation is replaced by the isovalent and smaller Sr ion; 2) a fraction x of the Cu ions in the chain layers is replaced by Mo; 3) the oxygen atoms in the chain layers are randomly distributed along the a and b directions. Consequently the structure is tetragonal P 4/mmm rather than orthorhombic P mmm as in optimally doped Y123. The higher members are obtained by inserting s − 1 blocks of (Y,Ce)O 2 between the Y and CuO 2 layers into the (Cu,Mo)1212 structure.
The (Cu,Mo)1212 powder samples object of this work were newly synthesized using the citrate sol-gel method and a modified oxidation treatment. Appropriate amounts of Y 2 O 3 , CuO, SrCO 3 and MoO 3 were dissolved in 1M HNO 3 solution. Citric acid and ethylene glycol were added and the solution was heated in oven at 200
• C until a gel was formed. The obtained gel was then dried, powdered and calcined at 600
• C for 12 h. The resulting powder was pressed into a pellet and annealed at 980
• C for 2 × 24 h with intermediate grinding to obtain the as synthesized product. The oxidation was carried out by mixing the as synthesized powder with 35 mol % of KClO 3 and the mixture was then subjected to high pressure treatment in a cubic-anvil type high-pressure apparatus at 4 GPa and 500
• C. The powders were first studied by means of neutron diffraction at the WISH instrument of the ISIS facility at the Rutherford Appleton Laboratory. Rietveld refinement of the neutron diffraction data yields an oxygen content δ = 0.54. The only impurity phases detected in the sample are the electronically inactive KCl (4.5 %) and KClO 3 (0.5 %) arising from the oxydizing agent. The very low background noise of the WISH diffractometer 14 used for the present study enables us to rule out impurity concentrations > 1%.
The superconducting transition of the powders was studied by means of dc magnetization measurements as a function of temperature in both zero-field (ZF) and field-cooling (FC) modes at 100 Oe using a commercial SQUID Quantum Design apparatus. In order to estimate more precisely the superconducting fraction, complementary measurements of ac magnetic susceptibility at a weak H=5 Oe field were also carried out using a commercial PPMS Quantum Design apparatus. A complementary study of the superconducting transition and of the electronic spectrum was carried out by means of specific heat measurements in the 2-300 K range performed using the relaxation rate method implemented in the same PPMS apparatus. Finally, the local properties of the superconducting state were probed by means of muon-spin relaxation spectroscopy. The experiments were performed on the GPS and Dolly instruments at the Swiss Muon Source SµS of the Paul Scherrer Institute. µSR is a powerful technique to determine the effective superfluid density and its temperature dependence. By applying a magnetic field perpendicular to the initial muon spin polarization, the inhomogeneous field distribution in the vortex state of the superconductor produces a damping of the µSR precession signal expressed by the muon spin relaxation rate σ = γ µ ∆B 2 , where γ µ is the muon gyromagnetic ratio. From the width of the magnetic field distribution in the vortex state, ∆B 2 , the magnetic penetration depth, λ, and its temperature dependence are determined, which is related to the effective superfluid density,
where n s is the density of superconducting electrons and m * is their effective mass. Muon spin rotation spectra in the vortex state were taken as a function of increasing temperature by initially field-cooling the sample down to 1.6 K in different fields and analyzed assuming a Gaussian field distribution with relaxation rate σ.
FIG. 3. Correlation between
Tc and the c-axis parameter for a series of Cu1−xMoxSr2YCu2O 7+δ samples prepared under different conditions. The red filled square corresponds to the present result obtained on a x = 0.25 high-pressure (HP) oxidized sample. Black simbols indicate previous results by Ono 5 on x = 0.20 annealed HP samples (squares), HP samples (circles) and starting samples prepared at ambient pressure (triangles). The crystal structure is shown in the inset; blue, green, yellow and red spheres indicate Cu/Mo, Sr, Y and oxygen atoms, respectively; white-red spheres indicate partially occupied oxygen sites in the basal plane. The structure is described in detail in 9 and in the Supplementary Information section.
In Fig. 1 , we report the results of the dc magnetization and ac susceptibility measurements. Note the good agreement between the ZFC curve of the dc and ac data. Moreover, the ZFC dc magnetization curve is in fact a FC curve due to a small residual field ≈2 Oe trapped in the superconducting magnet. Both data set yield a ≈30% screening volume; the slightly smaller diamagnetic signal of the dc data is attributed to the comparatively higher field of 100 Oe used, which leads to a larger flux penetration. As discussed in the past 15, 16 , the above shielding fraction is typical for single-phase superconducting cuprates that depends upon various effects including flux pinning, among others. In the present case, considering the absence of impurities, this fraction should be then regarded as a lower limit for the Meissner fraction. We conclude that superconductivity is a bulk phenomenon associated with the oxidized Cu 1−x Mo x Sr 2 YCu 2 O 7+δ phase. Further evidence of bulk superconductivity is given in Fig. 2 , where one notes the characteristic jump, ∆C p , at T c of the specific heat measured on the same powder sample wih T c =84 K of Fig. 1 and by the µSR results to be discussed below. From Fig. 2 , one obtains ∆C p /T c ≈ 20 mJ/mol K 2 , a value comparable with those previously reported on other cuprate superconductors 17 . For example, ∆C p /T c ≈ 11 (50) mJ/mol K 2 in underdoped (optimally doped) Y123, with T c =60 (90) K. The slightly lower T c value of the specific heat results is attributed to the lower accuracy within ±1 K inherent to the relaxation method used.
The present data enable us to extend to higher T c 's the inverse dependence of T c as a function of c-axis parameter previously reported by Ono 5 for a series of (Cu,Mo)1212 samples with a similar, x = 0.20, Cu/Mo substitution level and with different oxygen doping. Whilst this dependence is characteristic of cuprates, as it reflects the decrease of the copper-apical oxygen distance, d ap , upon hole doping, in the present oxidized (Cu,Mo)1212 sample, this distance is strikingly short. The neutron diffraction data presented in the Supplementary Information section show that superconductivity is introduced by the above high-pressure oxygen treatment while d ap is reduced from 2.29Å to 2.165Å. 2) The occurrence of superconductivity with T c as high as 84 K concomitant to the above record short d ap is at odds with the empirical observation that cuprate families with higher T c 's rather display longer d ap 's 19 , which has been supported by first principles calculations within the Hubbard model 20, 21 . The present finding may therefore point at a new physics governing the strongly overdoped region of cuprates.
A picture of overdoping is supported by a straightforward analysis of the low-temperature behavior of the specific heat shown in Fig. 4 . It is recalled that, in normal metals, the Sommerfeld constant, γ, experimentally measured as the residual value at T =0 K of the C(T )/T vs T 2 curve is proportional to the carrier density, n. In a superconducting metal, γ, is expected to vanish at zero temperature and an estimate of n from the specific heat requires a knowledge of the gap spectrum. In BCS d-wave superconductors like cuprates, where the existence of lines of nodes in the gap function, ∆ k , give rise to a parabolic increase of the specific heat at low temperature 22 . In this case, γ is related to the curvature of the parabola and its determination requires a precise knowledge of the angular dependence of ∆ k and of the quasiparticle spectrum 22, 23 . In the analysis of the present specific heat data, we adopt a simpler approach, for the low temperature C(T ) curve does not exhibit a clear parabolic dependence. The C(T )/T vs. T 2 plot in Fig. 4 is flat at low temperature as if the gapless behavior was less pronounced than in the d-wave case. We then limit ourselves to compare the present data with those previously reported on optimally doped Y123 (T c = 92 K) 24 and optimally-and over-doped La 2−x Sr x CuO 4 (La214) single crystals 23 with T c values ranging from the maximum T c ≈ 35 K to 0 K. Our data exhibit a very large residual electronic specific heat normalized to the number of planar Cu atoms, γ ≈ 10 mJ K −2 Cu mol −1 , about 4-5 times larger than the values reported on the above optimally doped systems. The present value is rather comparable to the values found in overdoped La214, with vanishing T c , or even beyond in the metallic nonsuperconducting phase, where γ probes the density of states of normal electrons. This conclusion is supported by similar results on optimally doped As to the origin of such a large γ, we rule out extrinsic effects like contribution of metallic impurities, as their amount is below the detection limit ∼1 % of powder neutron diffraction. Further evidence of an electronically homogeneous phase is given by the µSR data. The data were obtained on a (Cu,Mo)1212 powder sample prepared and oxydized under the same conditions as the previously discussed sample and with the same T c =84 K. µSR is a phase volume sensitive technique and muons uniformly and locally probe the sample. So, if the sample contained different spatially separated phases, the muon signal would be the sum of different components, each component with its own precession frequency and broadening. In our sample we do not observe this behavior; the data can be fitted by a single precession signal with an amplitude corresponding to a 80% superconducting fraction in the vortex state, a Gaussian relaxation rate σ and a background contribution. Fig. 5 shows the temperature dependence of σ, which is proportional to the superfluid density. Note that measurements taken at different fields display a weak temperature dependence, as expected in an extreme type-II superconductor. At low temperature, σ(0) = 3.0 ± 0.1µs −1 , very close to that measured in optimally doped Y123 27 . At low temperatures, the linear decrease of σ with temperature is also typical of a d-wave pairing symmetry. Overall the µSR data show that the sample is superconducting and homogeneous at least on length scales of ∼ 1µm corresponding to a few magnetic penetration depths. Thus, we cannot exclude inhomogeneities on much shorter length scales.
Having excluded the possibility of secondary phases or of other inhomogeneities on the microscopic length scale, the existence of a high temperature superconducting phase where simple metal physics is expected is our most important finding. In characterizing the superconducting state, several other striking features become apparent: 1) As in other clean cuprates, at low temperatures compared to T c , the superfluid density decreases linearly with temperature. Generally, this is associated with the existence of nodal quasiparticles, as in the case of a clean, d-wave superconductor, which gives indirect evidence that even in this highly overdoped regime, the system is a d-wave superconductor.
2) Reconciliation of the µSR and heat capacity data puts tight constraints on an acceptable model. At the lowest temperatures we can probe, there remains a T -linear term in the specific heat with a finite intercept showing the presence of non-condensed holes in the superconducting state. In order to avoid proximity-induced condensation, this requires that these holes should be confined in regions larger than the coherence length, ξ ∼ 10 nm, but smaller than the penetration length, as discussed above. A scenario of a partial hole condensation in hole overdoped cuprates is supported by earlier specific heat data on overdoped La214 single crystals 23 and, more recently, by kinetic inductance measurements on well characterized La214 single-crystal films, with p = 0.295, i.e. at the edge of the dome 28 . The question arises whether the failure of complete condensation of the carriers in hole overdoped cuprates may be a more general phenomenon than has been realized. In order to verify this possibility, more studies on the (Cu,Mo)1212 phase are required. For example, it would be highly desirable to vary oxygen doping and to obtain single crystals, which are needed for transport and spectrocopic investigations. In alternative, we suggest that the epitaxial growth of thin films should be investigated.
